In eukaryotes, histone variant distribution within the genome is the key epigenetic feature. To understand how each histone variant is targeted to the genome, we developed a new method, in which epitope-tagged histone complexes are introduced into permeabilized cells and incorporated into their chromatin. We found that the incorporation of histones H2A and H2A.Z mainly occurred at less condensed chromatin (open), suggesting that the condensed chromatin (closed) is a barrier for histone incorporation. To overcome this barrier, H2A, but not H2A.Z, uses a replication-coupled deposition mechanism. This led to the recapitulation of the preexisting chromatin structure: the genome-wide even distribution of H2A and the exclusion of H2A.Z from the closed chromatin. Intriguingly, an H2A.Z mutant with mutations in the developmentally essential region was incorporated into closed chromatin. Our study revealed that the combination of chromatin structure and DNA replication dictates the differential histone deposition for maintaining the epigenetic chromatin states.
complex, instead of a fluorescent protein-tagged histone, was added to permeabilized cells. We named this the RhIP assay (Reconstituted histone complex Incorporation into chromatin of Permeabilized cell). Since the histone complexes are reconstituted in vitro using epitope-tagged recombinant histones, RhIP with sequencing allows the analysis of incorporations at the DNA sequence level, without the need for specific antibodies. We found that the chromatin structure regulates the histone incorporations, which may be necessary for maintaining the epigenetic state of chromatin.
increase in size but decrease in number. We found that the H2A signals overlapped well with the replication foci throughout replication ( Figure 2C and D) . The H2A.Z signals overlapped with the early replication foci to some extent, but they were clearly eliminated from the late replication foci (Figure 2C and D) . In contrast to the difference between H2A and H2A.Z, the H2A and H2A.X signals overlapped well with each other, suggesting that their incorporation mechanism is the same (Figure 2-figure supplement 1) . These results indicate that H2A, H2A.X, and H2A.Z can be incorporated into chromatin in a replication-independent manner; however, during S phase, H2A and H2A.X are preferentially incorporated into the chromatin of ongoing replication sites, in contrast to H2A.Z.
H2A is preferentially incorporated over H2A.Z into replicating chromatin. We further analyzed the incorporation of H2A and H2A.Z into replicating chromatin by RhIP, followed by a chromatin immunoprecipitation (RhIP-ChIP) assay ( Figure 3A ). The reconstituted 3HA-H2A-H2B or 3HA-H2A.Z-H2B complex was added to permeabilized cells with the cellular extract and nucleotides, including Cy5-dUTP to label the nascent DNA ( Figure 3A and B). After the reaction, the chromatin was partially digested by micrococcal nuclease (MNase), and the nucleosomes containing 3HA-H2A or 3HA-H2A.Z were immunoprecipitated with an antibody against the HA tag. The precipitated DNA was then extracted and analyzed by gel electrophoresis. As shown in Figure 3C , the amounts of precipitated DNA are nearly the same between the H2A and H2A.Z precipitants, as judged from the SYBR Gold staining ( Figure 3C , upper); however, the amount of nascent DNA labeled with Cy5 is much greater in the H2A precipitant than in the H2A.Z sample ( Figure 3C , lower). This result indicates that H2A is incorporated into replicating chromatin more efficiently than H2A.Z. efficiency of the histone deposition depends on the open/closed chromatin configuration, we performed RhIP-ChIP-seq and analyzed the H2A and H2A.Z incorporations in each type of chromatin ( Figure 4) . First, we investigated the replication-independent histone deposition using asynchronous permeabilized cells, in which the majority of the cells are out of S phase. We found that the RhIP-ChIP-seq profiles of H2A and H2A.Z showed specific peaks at megabase resolution, which were not observed in the input samples ( Figure 4A We then examined whether the efficiency of the histone incorporation into closed chromatin changes during S phase ( Figure 4D and E). We performed RhIP-ChIP-seq with cells synchronized at late S phase. We found that the RhIP-ChIP-seq profiles between asynchronous cells and late S phase cells changed for H2A, but not for H2A.Z, indicating that H2A incorporation into chromatin is affected by replication, in contrast to H2A.Z incorporation ( Figure 4D ). We then investigated how the incorporation efficiency of H2A into open and closed chromatin regions changes between asynchronous and late S phase cells. The results revealed that the efficiency of H2A incorporation into open chromatin decreased in late S phase ( Figure   4E , lanes 1-7), while in contrast, the incorporation into closed chromatin increased ( Figure 4E , lanes 8-10 and Figure 4-figure supplement 1B) . Considering the fact that only closed chromatin is replicated in late S phase, the changes in the incorporation efficiency may be due to the changes in replicating chromatin. Note that replication does not progress completely in the RhIP assay, and only small fraction of closed chromatin is replicated under the conditions shown in Figure 4E , which is the reason why the ChIP/input ratio does not exceed one. We concluded that replication is required for the incorporation of H2A into closed chromatin. This indicates that, in principle, H2A.Z-H2B incorporation into chromatin is not coupled with replication, which leads to H2A.Z elimination from closed chromatin.
The aC helix of H2A is important for its replication-coupled deposition.
As the RhIP assay reproduces the replication-coupled and replication-independent incorporations of H2A and H2A.Z, we then tried to identify the residues responsible for the replication-coupled H2A and replication-independent H2A.Z depositions by a mutant analysis.
A previous study showed that swapping the M6 region of H2A.Z with the corresponding H2A residues could not rescue the embryonic lethality of the H2A.Z null mutation in Drosophila melanogaster (Clarkson et al., 1999) , suggesting that the region specifies the H2A.Z identity. Figure 5D and E), and its incorporation pattern in late S phase was more similar to that of H2A-H2B, rather than H2A.Z-H2B ( Figure 5F ). This indicated that the mutant is no longer H2A.Z, in terms of deposition. Thus, the M6 region of H2A.Z is responsible for the H2A.Z-specific deposition, and the corresponding region (amino acids 89-100) of H2A is responsible for the replication-coupled H2A deposition. The present study has revealed the correlation between histone incorporation and chromatin structure, using the RhIP assay. We analyzed the incorporation of the H2A family members, H2A, H2A.X, and H2A.Z. We found that the incorporations of H2A-H2B and Another H2A variant, MacroH2A, localizes in closed chromatin. A recent study showed that the de novo incorporation of MacroH2A is genome-wide. It is then removed from transcribed chromatin in a transcription-associated mechanism, leading to its specific localization at repressed chromatin (Sun et al., 2018). Our data may be able to explain why this two-step mechanism is needed for MacroH2A localization in closed chromatin. We showed that H2A is incorporated into closed chromatin in a replication-coupled manner. If MacroH2A also uses the replication-coupled deposition mechanism, then it is inevitably incorporated into closed and open chromatin, first resulting in the genome-wide distribution. MacroH2A must then be removed from the active chromatin for its specific closed chromatin localization.
Discussion
We found that histone incorporations are regulated by the chromatin structure, which Therefore, the deficiency of replication-independent histone exchange in closed chromatin may be important for maintaining a transcriptionally inactive state.
In spite of the high sequence homology between H2A and H2A.Z, their localizations are different. By using the swapping mutant, we analyzed the residues responsible for the specific depositions of H2A and H2A.Z ( Figure 5 ). We identified residues 88-100 of H2A as being responsible for its replication-coupled deposition. Although the means by which this region contributes to the incorporation into replicating chromatin remain unknown, a factor that binds this region and allows H2A to assemble at a replicating site may exist. The major H2A-specific chaperones, Spt16 and Nap1, which are components of the H2A pre-deposition complex, do not In conclusion, our novel method elucidated the mechanism of histone incorporation at the DNA sequence level, and revealed that the chromatin structure is the first determinant of histone localization.
Materials and Methods

Cell culture and thymidine block
HeLa cells were cultured in DMEM medium supplemented with 10% fetal bovine serum, at 37°C in a 5% CO2 atmosphere. For cell synchronization, HeLa cells were cultured with 2 mM thymidine for 19 hours. The medium was then changed to remove the thymidine.
After 9 hours of culture without thymidine, the HeLa cells were cultured with 2 mM thymidine again for 15 hours, for synchronization in S phase.
Reconstitution of histone complex
The human H3.1 and H3.3 genes were inserted in the pET21a vector (Novagen), as C-terminal epitope-tag-His6 fused genes. The human H2A, H2A.X, H2A.Z, and H2A.Z_M6 genes were inserted in the pET15b vector (Novagen) as N-terminal His6-epitope-tag fused replication-independent nucleosome assembly. Molecular Cell, 9(6), 1191-1200.
• In open chromatin, the H2A-H2B and H2A.X-H2B complexes are incorporated in replicationindependent (RI) and replication-coupled (RC) manners, while H2A.Z-H2B is incorporated only in a replication-independent manner. In closed chromatin, new histone depositions of H2A and H2A.X, but not H2A.Z, occur only in a replication-coupled manner. This leads to the global localizations of H2A-H2B and H2A.X-H2B. It also leads to the specific localization of H2A.Z-H2B, including its elimination from closed chromatin.
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